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Abstract: Wet oxidation can be used to produce high quality zinc oxide (ZnO) nanostructures at moderately high temperatures with 
low requirements of equipment and experimental conditions. Zn precursor films were prepared by magnetron sputtering and 
controlled ZnO nanostructures were produced by oxidation of the Zn precursor films in wet O2. The growth mechanism of the ZnO 
nanowires and nanobelts in wet oxidation was discussed based on the experimental results. Silver and nitrogen doping were realized 
in the wet oxidation process, with different techniques. The structural and optical properties of the ZnO nanostructures were 
characterized by means of scanning electron microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM), 
and photoluminescence (PL) measurements to understand the growth process of ZnO in wet oxidation. The production of ZnO 
porous films by wet oxidation process is also presented. 
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1 Introduction 
 
The studies on zinc oxide (ZnO) nanostructures 
have been intensified worldwide in the past decade. This 
is because ZnO as a semiconductor material has some 
unique properties, such as a wideband gap of 3.37 eV 
and high exciton energy of 60 meV at room 
temperature[1]. This makes ZnO a potential and low cost 
substitute of gallium nitride (GaN) for blue to ultraviolet 
(UV) light emitting applications[2]. Furthermore, it is 
known that ZnO can easily form various nanostructures 
such as nanowires, and nanobelt, which have the 
potential for catalysis or solar cell applications due to 
their large specific surface area and high reactivity. Up to 
now, many types of nanostructures have been 
synthesized by different groups with different methods, 
including physical vapour deposition, chemical vapour 
deposition, hydrothermal and vapour phase epitaxy[3−8]. 
Generally, the vapour phase approaches can produce 
a variety of high quality, single crystal ZnO 
nanostructures, and doping is relatively easy to achieve 
and control. However, they have high requirements on 
the vacuum level and most of them operate at elevated 
temperatures. In contrast, the solution based methods are 
simple in operation, have minimum requirement for 
facilities, and are low temperature processes. However, 
ZnO nanostructures produced by these methods 
generally have lower quality than those from the 
gas-phase approaches. Defects and impurities are almost 
incontrollable with solution growth methods. 
Wet oxidation, the technique introduced in this work, 
is a processing method that can fill some gaps left by the 
current widely studied techniques for ZnO 
nanostructures production. It is an economical method 
compared to the other expensive CVD and PVD 
approaches, and would be capable of producing ZnO 
nanostructures of better quality than the solution methods 
at the same time. 
Wet oxidation is not a new topic to material 
researchers. The metal oxidation in the presence of water 
vapour has long been studied in the area of high 
temperature corrosion and protection of metals and 
alloy[9−10]. In semiconductor industry, wet oxidation is 
also an important processing technique, especially for the 
growth of SiO2, an insulating layer on Si wafers. 
Introduction of a small amount of water vapour into the 
oxidizing atmosphere could significantly affect the 
oxidation and scaling behaviours of metals[11]. The 
growth of metal oxide in whisker type structure was also  
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observed back to 1980s[9−11]. It was widely reported 
that the addition of water vapour could increase the 
plasticity of the formed oxide significantly. However, 
this technique has not been applied on ZnO 
nanostructures growth for a long time, and some work 
showed ZnO nanowires can be obtained by wet 
oxidation[12]. 
The ZnO films produced by thermal oxidation of Zn 
films, usually deposited by magnetron sputtering, have 
been studied by some groups, and it was demonstrated 
that the ZnO films formed by oxidation exhibit excellent 
PL properties[13−15]. It was also reported that p-type 
ZnO film can be produced by oxidizing Zn3N2[16−19]. 
Thermal oxidation Zn foil and powders can also be used 
to synthesize ZnO nanostructures[20−26]. Most of these 
studies still need conduct the experiments at reduced 
pressure and high temperature range above 500 °C to 
600 °C. In addition, Zn powders were commonly used in 
nanostructure related studies, and thus the products are 
“free standing”, and do not have good adhesion with the 
supporting substrates. 
The introduction of water vapour to the oxidizing 
environment can greatly accelerate the oxidation reaction 
and therefore reduce the oxidation temperature. This is 
because the break-up of H2O molecules is faster than that 
of oxygen molecules at elevated temperature. In the case 
of Zn oxidation, the Zn vapour transport distance is 
shorter than that of thermal CVD processes, and thus wet 
oxidation can be carried out at much lower temperature 
than most of the vapour based methods. Moreover, 
unlike the other vapour techniques which have to be 
conducted in vacuum chamber, wet oxidation can be 
performed at ambient atmosphere, which significantly 
reduces the instrument requirement and cost. In addition, 
no toxic chemical is needed in the processes; therefore it 
is an environmental friendly method. 
The ZnO nanowires grown from wet oxidation have 
comparatively good quality with those obtained from gas 
phase methods. As the nanowires are grown out from the 
Zn precursor films, they should have relatively good 
adhesion to the substrate. Therefore, this technique is 
particularly suitable for making nano-structured ZnO on 
solid substrates. 
This paper is to give an overview of the processing, 
nano-structure, growth mechanisms and properties of 
ZnO produced by wet oxidation method. Doping 
methods with the wet oxidation will also be discussed. 
 
2 Zn precursor preparation 
 
As mentioned in the previous section, Zn foil, 
powder and films can all be used as metallic Zn 
precursors in thermal oxidation. However, the Zn 
precursors used for discussions in this paper are all Zn 
films prepared by magnetron sputtering. This is because 
by controlling the sputtering parameters, Zn films with 
different thickness and microstructures can be produced, 
which is advantageous to understand the nanostructure 
growth mechanism. 
 
2.1 Experimental procedures 
Zn precursor films were deposited by direct current 
(DC) magnetron sputtering on glass substrates with a 
typical size of 1.2 cm×1.2 cm. The substrates were 
ultrasonic cleaned in ethanol and acetone before loaded 
into the sputtering chamber, followed by plasma cleaning 
before the deposition. The Ar working gas pressure was 
regulated at 1.33 Pa with a background pressure of 0.53 
mPa. The DC current used was 0.5 A, and the deposition 
time was varied from 1 min to 10 min. During the 
operation, the substrates were rotated at the speed of 3 
r/min, with no intentional heating. The surface 
morphologies of the Zn precursor film were studied with 
scanning electron microscopy (FEG-SEM, Philips 
XL-30S). 
 
2.2 Results 
The Zn precursor growth can be divided into three 
stages within 10 min deposition time. The first 4 min was 
Stage-1. The Zn started nucleation on the substrate and 
formed irregular shape grains in the first minute. The 
nucleation continued to the 3rd minute, and 
hexagonal-like particles can be occasionally observed on 
the 3-min sample, suggesting that the second layer of Zn 
has started to grow. Figure 1(a) shows the typical surface 
morphology of the Zn film on Stage-1. 
When the deposition time increased to 5 min, 
hexagonal-shaped grains almost covered the whole 
surface (Fig.1(b)), which was the start of the second 
stage. During Stage-2 (5 to 8 min), the Zn particle size 
gradually increased while maintaining its hexagonal 
shape. 
The Stage-3 growth initiated at the time between 
8−9 min. For the film after 9 min deposition, most of its 
surface has been occupied by large grains. After 10 min 
deposition, the 3rd layer of Zn formed with closely 
packed grains (Fig.1(c)). The detailed study of the Zn 
precursor preparation was reported elsewhere[27]. 
 
3 Wet oxidation 
 
3.1 Experimental work 
Figure 2 illustrates the schematic drawing of the wet 
oxidation system. The oxidation of Zn precursor film 
was performed in the quartz tube heated by an electrical 
resistor furnace. The design of the tube allows the 
oxygen to flow directly into the high temperature zone 
where the reaction takes place, and flow out at the low 
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temperature end with a water seal. The wet oxidation was 
conducted at the ambient pressure, so no vacuum 
pumping was needed. 
 
 
Fig.1 SEM images of Zn precursor with deposition time of 1 
min (a), 8 min (b) and 10 min (c) 
In a typical wet oxidation process, the dry O2 was 
firstly bubbled through a water flask containing 
deionized (DI) water, so that the O2 could carry water 
vapour into the tube for conducting wet-oxidation. The 
water flask was kept in a water bath of constant 
temperature. The amount of water vapour carried into the 
tube was controlled by the water bath temperature, which 
is also the dew point in the water flask. For example, at 
45 °C the vapour pressure of water is 9 600 Pa[28], and 
the mole fraction of water in air is 9.5% according to: 
p
py v=                                     (1) 
where y is the mole fraction of water (mol/mol); pv is the 
vapour pressure and p is the total pressure of the gas 
phase[28]. 
The oxidation temperature was around the melting 
temperature of Zn (420 °C), and the oxidation time was 4 
h. After oxidation, the supply of oxygen was stopped, 
and the specimens were removed after cooling down in 
the furnace. 
 
3.2 Growth mechanism of ZnO nanostructures in wet 
oxidation 
3.2.1 Role of vapour-solid (V-S) reaction mechanism 
The effects of Zn precursor structure on ZnO 
nanowire formation give an indication of how the V-S 
mechanism affects the nanowire growth. Figure 3 is a 
schematic illustrating the oxidation process of the Zn 
precursor film during each stage. Zn has a high vapour 
pressure of 21.4 Pa at the melting point of 420 °C. 
Therefore, a significant amount of Zn would be 
evaporated and then oxidized in the O2-containing 
atmosphere to form ZnO in gas phase, which is then 
condensed to form ZnO nanostructures. However, Zn can 
 
 
Fig.2 Schematic drawing showing whole wet oxidation system 
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also be oxidized or melted before evaporation. Three 
processes compete with each other, resulting in the 
different morphologies of ZnO formed at different 
stages. 
For Zn precursor at Stage-1 such as 1-min Zn 
precursor shown in Fig.1(a), the film is thin and the grain 
size is small, and the interface area to volume ratio is 
large, providing a large number of diffusion paths for O2. 
Thus, Zn can be easily oxidized before evaporation when 
this type of Zn precursor is exposed to the wet-oxidation 
environment. Once the outer surface of the precursor is 
fully covered by ZnO, the contribution of Zn vapour to 
the growth of ZnO nanostructures becomes small (region 
A in Fig.3). Although Zn atoms can also diffuse out and 
then be oxidized, the diffusion rate is slower than the 
evaporation rate of Zn. Therefore, the occasionally 
observed ZnO nanorods (Fig.4(a)) eventually formed are 
short. Figure 4(a) shows this type of ZnO film formed by 
wet oxidation with Stage-1 Zn precursor films. 
When Zn film forms the second layer at Stage-2 
(region B in Fig.3), the hexagonal-shaped grains on top 
of the film have thin platelet features on the surface 
(Fig.6). During the wet oxidation, some of these tips are 
oxidized by water vapour to become nucleation sites for  
 
 
Fig.3 Schematic showing effects of Zn precursor structure on vapour-solid reaction process: (1) First layer particles on the surface 
being fully oxidized within a short time; (2) Small tips being oxidized to become nucleation sites by water vapour; (3) Zn being 
vaporized; (4) Zn vapour meeting oxygen; (5) Forming ZnO; (6) Condensation on tips of ZnO nanowires, nanowires grow; (7) Small 
gap filled by ZnO 
 
 
Fig.4 SEM images of ZnO nanostructures 
formed after 4 h wet oxidation at 420 °C 
using Zn precursors with different deposition 
time (The O2 flow-rate for wet oxidation 
process was kept at 0.3 L/min): (a) 1 min; (b) 
8 min; (c) 10 min 
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ZnO nanowires, and continue to grow to a distance by 
surface diffusion as will be discussed in Section 3.2.2. 
Following this, the V-S process becomes dominant. 
For the Zn precursor with a deposition time of more 
than 5 min, the film is thick enough that a significant 
portion of Zn can be evaporated before being oxidized, 
because the O2 concentration at the base of the film is 
lower than that at the film surface. As the second layer of 
Zn is loose, and pores exist between Zn grains, Zn 
vapour from inside of the film can come out through the 
gaps and pores to the surface where O2 concentration is 
high. Zn can then be oxidized in the vapour state, which 
may be captured by the nucleation sites or the tips of 
existing nanowires, growing to long ZnO whiskers as 
illustrated in region B of Fig.3. Figure 4(b) shows that a 
large number of ZnO nanowires formed by wet oxidation 
of Stage-2 Zn precursor films (8-min Zn precursor 
shown in Fig.1(b)). 
The Zn grains on the third layer (from the 9th min) 
are much larger than those on the first and second layers. 
When they become fully grown, for example the sample 
with 10 min deposition shown in Fig.1(c), the Zn grains 
are closely packed, so the gaps between them are smaller 
compared with the second layer, which will slow down 
Zn evaporation and thus the growth of nanowires (region 
C in Fig.3). This can be accounted for the phenomenon 
that 10 min Zn samples did not yield a high population of 
ZnO nanowires, as shown in Fig.4(c). 
3.2.2 Role of water vapour 
Some work showed that the oxidation of Zn films in 
dry oxygen only produced films with densely packed 
ZnO grains[29], and the involvement of water vapour for 
non-planar growth of oxide in metal oxidation has been 
reported for a number of metals[9]. It was suggested that 
the non-planar growth along the axis promoted by water 
vapour is a surface diffusion dominant process[9]. The 
formation of multiform ZnO nanostructures in wet 
oxidation process is therefore not a simple V-S process. 
The growth of ZnO nanowires along a preferential 
direction needs nucleation sites to start. For the wet 
oxidation process, these nucleation sites are likely to be 
shaped from the small platelet structure on the surface of 
Zn grains, but the main reaction probably occurs between 
Zn and absorbed water vapour rather than O2, according 
to the reaction below: 
 
Zn+H2O=ZnO+H2                            (2)  
This is because, firstly, the water molecule has 
polarity. Its negative dipole (O side) is likely to be 
attracted by the Zn atoms on the surface and thus react 
with them to form ZnO. Secondly, it is believed that the 
break-up of H2O molecules is faster than that of oxygen 
molecules at this temperature range[30]. As the surface 
diffusion is much faster than the lattice diffusion, the 
break-up of oxidant gas molecules becomes the 
bottleneck at the initial nanowire growth stage; and the 
fact that the formation of ZnO nanowire is not favourable 
during the common dry oxidation of metallic Zn 
precursor proves that the break-up of O2 is slower than 
that of H2O. 
It was also reported that Zn hydrolysis rate is 
relatively low below 400 °C[30]. And our experiment 
results showed that below 400oC, such as at 380 °C, 
nanowires did not grow well (Fig.5(a)). At 420 °C, 
wet-oxidation process reached the optimum condition. 
This suggests that the formation of ZnO nanowires is 
directly related to Zn−H2O reaction rate. 
In wet oxidation process, the fast absorption and 
easy break-up of water vapour can accelerate the kinetics 
of oxidation, which enables some of the Zn surface 
structures to transform to the nucleation sites for ZnO 
nanowires, as shown in Fig.6. 
The surface diffusion of Zn atoms and reaction with 
absorbed water vapour continuously dominates the 
nanowire growth after the nucleation sites are formed as 
shown in Fig.7. This will only stop when the nanowires 
become too long for the Zn atoms to diffuse to the tips, 
or the diffusion tunnels become inactive. At this stage, 
The V-S mechanism can take over to keep the nanowires 
to grow, as described by Fig.8. 
The effect of wet-oxidation temperature on the 
oxidation behaviour supports the above mechanisms. On 
one hand, at temperatures below 400 °C, the Zn−H2O 
reaction rate is relatively slow. Therefore, Zn−H2O 
reaction at 380 °C (Step 2 in Fig.6) would not take place 
in time to match the Zn surface diffusion rate, thus the 
growth of nanowire from the platelet structure (described  
 
 
Fig.5 SEM micrographs of ZnO formed by oxidation of Zn at 
380 °C (a) and 450 °C (b) 
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Fig.6 Schematic drawing to illustrate initial stage of wet 
oxidation on Zn precursor particle surface: (1) Water molecule 
is attracted and absorbed to the Zn platelet structure; (2) Water 
molecule breaks up to release hydrogen to oxidize Zn; (3) ZnO 
forms 
 
 
Fig.7 Illustration of growth process of ZnO nanowires in wet 
oxidation when Zn surface diffusion is dominant process: (1) 
Zn atoms diffuse to growth front; (2) Fast reaction with water 
to form ZnO 
 
in Fig.7) is limited in short distance, resulting in the 
structure shown in Fig.5(a). 
On the other hand, at 450 °C, the Zn−H2O reaction 
is enhanced compared to that at 420 °C. As a result, more 
platelet structures on Zn grains can be oxidized to form 
nucleation sites. As illustrated in Fig.9, the Zn platelet B 
may be also oxidized at the same time with Zn platelet A, 
which is less likely at 420 °C. When nanowires start to 
grow out from these two sites, the convex site between 
them will have low chemical potential for ZnO 
condensation[31]. ZnO will be more likely to condense 
onto these sites and fill them. The two wires are then 
joined to form a belt, so that the nanobelts can start to 
 
Fig.8 Illustration of growth process of ZnO nanowires in wet 
oxidation when ZnO nanowire becomes too long for Zn 
diffusion, and V-S process becomes dominant: (1) Zn vapour 
from Zn precursor film; (2) Reaction with O2 and ZnO 
molecule forms; (3) ZnO molecule condenses on energy 
favoured site of existing ZnO nanowires 
 
 
Fig.9 Schematic drawing of formation process of nanobelt at 
high temperature 
 
grow from the root. As a result, more nanobelts form at 
450 °C (Fig.5(b)). Some nanowires are found to join 
together to form nanobelts, as shown in Fig.10, which 
follows the same mechanism. 
 
4 Doping processes 
 
The wet oxidation is a two-step process, so doping 
can be made in each step, either or both sputtering 
deposition and wet oxidation steps. For doping in the 
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Fig.10 SEM image showing two narrow wires jointing together 
to form a belt 
 
sputtering stage, it is important to note that the doping 
element should not change the Zn precursor structure too 
much, as the change in Zn precursor structure could 
strongly influence the formation of ZnO nanowires in the 
later oxidation stage. Therefore, to achieve p-type doping, 
the doping elements should not change the chemical state 
of Zn. The chemical reaction will lead to a major 
structure change of the initial precursors, and affect the 
final wet oxidation products. Thus the doping of metallic 
elements should be firstly considered in sputtering stage. 
For the second step, during the wet oxidation 
process, doping of gas elements should be easy to carry 
out by mixing the dopant precursor gas to the oxidizing 
atmosphere. Ag doped, N doped, and Ag-N co-doped 
ZnO nanowires have been successfully produced by wet 
oxidation based on the principle described above. 
 
4.1 Experimental setup 
For Ag-doping, two silver strips were attached to 
the Zn target in the magnetron sputter to achieve Ag 
doping to Zn precursor. For N-doping, NH3 was used as 
the source chemical to conduct N doping in the oxidation 
stage. It was reported that Zn powder can react with NH3 
to form Zn3N2 nanowires at 600 °C[32]. NH3 is a volatile 
chemical and soluble to water. Therefore, the dry O2 was 
bubbled through a water flask containing NH3 solution 
(3.5%) before flowing into the furnace, so that the O2 
could carry water (H2O) and NH3 into the furnace to 
conduct wet-oxidation and N-doping at the same time. 
The water flask was kept in a water bath with 
controlled temperature. The amount of water vapour 
carried to the furnace was controlled by the water bath 
temperature. 45°C was used for all the experiments in 
this research. At 45oC, for 3.5% NH3 solution, the water 
vapour pressure was 9.3 kPa and the NH3 vapour 
pressure was 11.6 kPa[28]. Therefore, the mole fraction 
of water and NH3 in air is 9.21% and 11.5%, respectively, 
according to Eq.(1). The exhausted gas was flowing 
through three flasks in series containing diluted 
hydrochloric acid (HCl) solution to absorb the residual 
NH3. 
The surface and cross section morphologies of the 
precursor films and ZnO nanostructures were studied 
with scanning electron microscopy (FEG-SEM, Philips 
XL-30S). The crystal structure of nanowires was studied 
with a high resolution transmission electron microscope 
(HRTEM). The chemical state of the doping elements 
was analyzed by X-ray photoelectron spectroscopy (XPS) 
using synchrotron radiation. Optical properties were 
measured by photoluminescence (PL) with a 325 nm 
laser source at room and low temperatures. 
 
4.2 Results and discussion 
4.2.1 Microstructures 
From Figs.11(a) and (b), it can be noted that the 
Ag-doped Zn particles have relatively irregular shapes 
and large size variation compared to the un-doped Zn 
precursors, but small tips on the particle surface are still 
retained. After wet oxidation at 420 °C for 4 h, the 
density of nanowires formed from Ag-doped Zn 
precursor is much lower than that from the un-doped Zn, 
as shown in Figs.11(c) and (d). 
After being oxidized in H2O/NH3/O2 atmosphere at 
450 °C for 4 h, less ZnO nanowires were formed from 
the Zn precursor, compared with the specimens oxidized 
without NH3 at the same condition. The length and 
diameter of the nanowires were also reduced (Fig.11(e)). 
For the Ag-Zn precursor, it is interesting to find that the 
nanowires with greater length and density formed after 
H2O/NH3/O2 treatment at 450 °C (Fig.11(f)), whereas 
with H2O/O2 treatment Ag-Zn yielded fewer nanowires 
than pure Zn at this temperature range. 
The introduction of NH3 to the wet oxidation 
process inhibiting the nanowire growth from Zn 
precursor can be attributed to the reduction of O2. At 
45oC, after replacing the DI water with 3.5% NH3 
solution, NH3 has higher vapour pressure than water; the 
O2 concentration is correspondingly reduced. Thus, at the 
same oxidation temperature, lower O2 concentration may 
result in the reduced growth of nanowires. 
It is interesting to note that the Ag-Zn precursor 
grew nanowires even better than Zn precursor in 
NH3/H2O/O2 atmosphere, and also better than Ag-Zn in 
H2O/O2. The fact that Ag-Zn precursor did not grow well 
in wet oxidation process, could result from the formation 
of Zn-Ag intermetallic compounds above 300 °C which 
affects the oxidation process of Zn[33], and thus Ag-Zn 
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Fig.11 SEM images of films: (a) Un-doped Zn precursor; (b) Ag-doped Zn precursor; (c), (d) ZnO structures formed after wet 
oxidation in O2/H2O for films shown in (a) and (b); (e), (f) ZnO structures formed after wet oxidation in O2/H2O/NH3 for films 
shown in (a) and (b) 
 
did not grow good nanowires in O2/H2O. With NH3 
present, Ag may play a catalyst role for NH3 
dehydrogenation, similar as Ir, Pt and Ni reported by 
other researchers[34−35]. It may promote the reaction 
between Zn and NH3. Thus in the NH3/H2O/O2 
atmosphere, nanowires grow better from Ag-Zn 
precursors. 
4.2.2 TEM study 
Figure 12 shows an HRTEM image of the ZnO 
nanobelt produced by wet oxidation, indicating that the 
growth direction is ]0112[ , which is in the same group 
of directions as ]0211[ , perpendicular to the C axis. 
Thus, the top/bottom surfaces of the nanobelt are 
(0001)/(000 1 ) and the side surfaces are ±(0 1 10), which 
are all stable faces. The growth direction perpendicular 
to C axis is different from the common behaviour in 
solution growth or most gas phase processes, where 
nanowires grow in the direction of [0002], which is 
parallel to C axis. 
The reason causing this difference can be found 
from the growth mechanism at the initial stage, when the 
surface diffusion of Zn atoms and reaction with water 
 
 
Fig.12 HRTEM image showing lattice of ZnO nanobelt formed 
at 420 °C after 4 h wet oxidation 
 
vapour are dominant. It was reported that the Zn 
diffusion rate is anisotropic. For Zn nanoparticles, its 
oxidation rate and evaporation rate in 〈0 1 10〉 directions 
are higher than those in 〈0001〉 directions[36]. This gives 
evidences that Zn diffuses fast on the planes 
perpendicular to C axis. As comes to wet oxidation, this 
results in the nanobelt growing normal to (0002) 
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direction. 
Figure 13(a) shows one of the Ag:ZnO nanobelt to 
be examined. HRTEM images were taken at the root and 
middle section of the nanobelt as indicated by the white 
frame in Fig.13(a), and the images are shown in 
Figs.13(b) and (c). Figures 13(d) and (e) are the inverse 
fast Fourier transformed (IFFT) images of Figs.13(b) and 
(c), respectively, and the transformations were made by 
the software of Digital Micrograph. 
Figures 13(b) and (c) indicate that the nanobelt 
growth direction does not change from the root to middle 
section; and the growth direction is [2 1 1 0], the same 
direction as the un-doped ZnO nanobelt. Distorted 
crystal lattices can be observed at the root of the 
nanobelts. The dislocations are clearly seen in the IFFT 
image (Fig.13(e)), and have highlighted by the frames. 
The large amount of dislocations and defects could be 
caused by Ag doping, as the Ag ionic radius (0.115 nm 
for Ag+, and 0.094 nm for Ag2+) is much larger than that 
of Zn ion (0.074 nm for Zn2+). 
The HRTEM and IFFT images of the middle section 
of the belt are shown in Fig.13(b) and (d), which show an 
almost perfect single crystal structure with no dislocation, 
indicating the absence of Ag atoms in ZnO crystal. 
Thermodynamically, AgO is not stable above 200 °C. 
But at elevated temperature, Ag should be able to diffuse 
through the ZnO lattice. Due to the different diffusion 
rates and oxidation behaviour of Zn and Ag, the 
concentration of Ag at the root of nanobelts should be the 
highest and then gradually decreased along the direction 
to the tip. The TEM observations confirmed this. 
TEM study observed some interesting 
microstructures from Ag-N co-doped ZnO (Ag-N:ZnO) 
nanowires. It can be seen that there are many black spot 
distributed in the nanowires (Fig.14(a)). The density of 
these black spots seems to decrease from one edge of the 
nanowires to the other edge. A close look under high 
resolution TEM shows the nanowire is crystalline ZnO. 
The lattice spacing of 0.28 nm labelled on Fig.14(b) is 
corresponding to the [2 1 1 0] plane of ZnO. The 
nanowire growth orientation is the same as the ZnO and 
Ag:ZnO nanowires. 
There is an amorphous region on the edge of 
nanowire. The dark spots can be found at both the 
crystalline and amorphous regions. However, at the 
crystalline region, the dark area has the same crystalline 
structure as the rest area; different phase cannot be seen. 
At the amorphous region, the black areas are more 
obvious to, and are easier to be identified at the low 
magnification image (Fig.14(a)). It seems that the black 
spots formed on one of the edge first and crystallized 
into the crystal lattice. 
Figure 15 shows the HRTEM images of the 
amorphous regions at high magnification. It 
demonstrates that each of the black spot is a single 
crystal grain. These small grains are randomly 
distributed in the amorphous matrix. The matrix and the 
small grains tend to crystallize and become single 
crystals as shown in Fig.15(d), where the long periodic 
crystal structure has formed. 
 
 
Fig.13 Inverse fast Fourier transform (IFFT) image from root of an Ag:ZnO nanobelt (a), HRTEM (b, c) and IFFT (d, e) images of 
middle section of the same Ag: ZnO nanobelt 
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Fig.14 TEM images of Ag-N:ZnO nanowires formed after wet oxidation at 450 °C in which a black area spot in amorphous edge 
region is circled 
 
 
Fig.15 Amorphous part of Ag-N:ZnO nanowire 
 
From Fig.15, it can be noted that the crystal lattice 
of the small grains looks clear on the edges of the 
material, and become vague when moved away from the 
edge. The lattice spacing of the grains on the edges 
(circled by yellow dashed lines) was measured, and the 
values are all about 0.217−0.218 nm, corresponding to 
(420) plane of Zn3N2. The lattice structure away from the 
edge becomes less distinct, and the measured lattice 
spacing becomes larger. The increase in lattice spacing 
can even be observed in a single grain, which is circled 
by blue dashed line in Fig.15(b). The decrease in 
crystallinity of Zn3N2 and the increase of lattice spacing 
should result from the transformation of Zn3N2 to ZnO. 
Figure 15(d) shows the result after the transformation. 
The measured lattice spacing is 0.28 nm, which proves 
the crystal structure is ZnO. 
4.2.3 XPS study 
Figure 16 illustrates the Ag 3d XPS spectra based 
on synchrotron radiation from the Ag:ZnO nanowire, and 
the result was calibrated according to carbon 1s peak at 
~285 eV[37]. Ag with a low concentration cannot be 
clearly detected by normal laboratory XPS system. 
However, the XPS result from the synchrotron radiation 
has a higher resolution, showing that the 3d5/2 peak of Ag 
from the Ag:ZnO sample is located at 367.5 eV, while 
the 3d5/2 peak for pure metallic Ag should be at 368.2 
eV[38]. Therefore, this result indicates that the doped Ag 
exists in ZnO matrix as Ag ions rather than elemental 
metallic Ag. 
The 3d5/2 peak can be attributed to the Ag—O bond 
Rui-qun CHEN, et al/Progress in Natural Science: Materials International 21(2011) 81−96 91
 
 
Fig.16 XPS Ag 3d peaks for Ag:ZnO nanowires with low 
doping level (The exciting photon energy is 600 eV) 
 
in Ag2O. However, the binding energy (B.E.) values 
shifted from the standard position to the lower values for 
0.2 eV (standard B.E. of Ag 3d5/2 in Ag2O is 367.7 
eV[39]). This is because that firstly, the Ag existing in 
ZnO matrix interacts with Zn and O, thus its chemical 
state is not the same as its pure oxides (Ag2O, AgO); 
secondly, Ag is doped into the ZnO nanowires, and the 
low dimension induced larger surface of nanowires may 
also cause the difference due to the surface bonding 
effect[40]. Nevertheless, the XPS results prove the 
existence of Ag+ in the Ag-ZnO nanowire. 
The XPS N1s spectra of N:ZnO and Ag-N:ZnO are 
plotted in Fig.17. For N:ZnO nanowires, the main peak is 
located at 398.8 eV (peak A) and another shoulder at 398 
eV (peak B). Peak A is attributed to the substitution of 
nitrogen molecules at O sites in ZnO, (N2)O[19], and 
peak B is corresponding to the nitrogen bound to zinc 
(Zn-N)[41]. This result suggests that after reacting with 
NH3/H2O/O2 at 450oC, some N has incorporated into the 
ZnO lattice, but the majority of N form N2 eventually, 
probably due to thermal diffusion. For the Ag-N:ZnO,  
 
 
Fig.17 XPS N1s spectra for N:ZnO and Ag-N:ZnO samples 
formed by wet oxidation in NH3/H2O/O2 atmosphere at 450 °C 
for 4 h 
the main peak of N1s appears at 398 eV with a shoulder 
at 399.1 eV after 450 °C annealing treatment. This means 
that a large amount of N has bonded to Zn directly. This 
is consistent with the TEM observation of Zn3N2 small 
grains in the ZnO nanowires. 
The TEM and XPS studies demonstrate the 
existence of Zn3N2 in the nanowires formed from Ag-Zn 
precursor after O2/H2O/NH3 treatment at 450 °C. The 
TEM image also shows the transformation of the Zn3N2 
to single crystal ZnO. The Zn3N2 should come from the 
reaction (3): 
3Zn+2NH3→Zn3N2+3H3                                  (3) 
As reported that this reaction starts to take place 
with a relatively high rate at a temperature over 600 °C. 
However, Zn3N2 can be observed in the ZnO nanowire 
formed at 450 °C oxidation from Ag-Zn precursors. Ag 
was studied as dehydrogenation catalysis for a long 
time[42−43]. Although it has lower dehydrogenation 
capacity for NH3 compared to ruthenium (Ru) and Pt[44], 
it can still assist the decomposition of NH3 to certain 
extent. Therefore, the presence of Ag should reduce the 
Zn-NH3 reaction temperature, resulting in the formation 
of Zn3N2 at 450 °C. 
The synthesis of N:ZnO by thermal oxidation of 
Zn3N2 was reported by some researchers[16−18, 45]. As 
ZOU et al demonstrated, the Zn3N2 would start to 
transform to ZnO at 400 °C, and an oxidation treatment 
at 450 °C for 2 h would have most Zn3N2 transferred to 
ZnO. Therefore, Zn3N2 formed from reaction (3) is not 
stable at 450 °C in the oxygen rich atmosphere. Soon 
after the Zn3N2 nanocrystals form, they are oxidized to 
ZnO and recrystallized to the ZnO nanowire crystal 
structure. 
As the formation of Zn3N2 and its transformation to 
ZnO are continuous processes, there are still Zn3N2 left at 
the end of the oxidation, so this transformation process 
can be observed by TEM shown in Fig.15. As 
demonstrated by the reports on oxidation of Zn3N2, even 
after the transformation to ZnO, there could still be a 
significant amount of N remaining at the O sites, 
therefore inducing p-type conduction. The same fact 
should be held for the Ag-N:ZnO nanowires discussed 
above. This should be able to confirm by the direct 
electrical measurement on the single nanowires. 
4.2.4 PL study 
The PL spectra of the pure ZnO, N:ZnO and 
Ag-N:ZnO nanowires synthesized at 420 °C were 
measured at 10 K. Figure 18 illustrates the spectra. PL 
measurement is a suitable tool to determine the crystal 
quality and the presence of defects/impurities in ZnO 
materials. Normally, the PL spectrum of ZnO consists of 
a sharp UV emission and broad emission in visible light 
region. UV emission is attributed to the excitation 
recombination, and the origin of visible broadband is 
related to the structural defects and/or impurities. 
Rui-qun CHEN, et al/Progress in Natural Science: Materials International 21(2011) 81−96 92 
 
 
Fig.18 PL spectra of ZnO, N:ZnO and Ag-N:ZnO at 10 K 
 
For all testing samples, PL spectra show a strong 
UV emission at ~369 nm, while N:ZnO hanowires also 
give obvious green emission starting from 500 nm. In 
contrast, the green emission of pure ZnO nanowire is 
very weak, although still visible. For Ag-N:ZnO 
nanowires, no visible light emission can be detected. It is 
noted that the UV emission of Ag-N:ZnO nanowires is 
much higher than that of the pure ZnO and N:ZnO 
samples, while the emission from N:ZnO is the weakest 
among the three. Therefore, the enhanced UV emission 
of Ag-N:ZnO should result from Ag, which was reported 
by FU’s group[46−47]. This enhancement is believed as 
a result from that the photo-carriers may escape more 
easily from Ag ions than from Zn ions. This leads to the 
quick diffusion of exciton in ZnO and increase of the 
exciton concentration, thus increasing excitonic 
recombination and resulting in stronger UV 
emission[46]. 
It is obvious that UV emission of Ag-N:ZnO 
consists of 2 peaks, located at 368.1 nm and 368.9 nm, 
respectively. The pure ZnO has the similar character; 
only that the peak at 369 nm is not as strong as that from 
Ag-N:ZnO. However, for N:ZnO, the peak at 368 nm is 
not observable but another shoulder around 370 nm can 
be seen, which should result from N doping. Other 
researcher has reported similar results[48]. 
 
5 Producing porous film by wet oxidation 
 
The wet oxidation technique can also be extended to 
produce ZnO porous films. This was conducted by using 
reactive sputtering technique during the sputtering stage. 
The experimental setup was the same with the one used 
for ZnO nanowires synthesis, but a portion of O2 was 
introduced into the chamber during the sputtering to 
produce partially oxidized Zn precursor films. This film 
can be transferred to porous ZnO films after 1 h wet 
oxidation at 420 °C. 
 
5.1 Microstructures 
Figure 19 shows the surface morphologies of the 
precursor films deposited with various O2 content. With 
5% O2, the film is made of small particles with the 
individual hexagonal-shapes, and spaces can be seen 
between the particles. When O2 content is increased to 
15%, distinct particles can still be observed, but many of 
them are connected to form a network with significantly 
increased pore size. When O2 content is increased to 25%, 
the particle size is reduced, as well as the pore size, but 
they appear more uniformly distributed across the 
surface. Increasing O2 content to 30%, the resulting film 
becomes very smooth and consists of small particles. 
Figure 20 shows the XRD patterns of the precursor 
films prepared with O2 content from 5% to 30%. It can 
be noted that the films shown in Figs.19(a)−(c), with 
porous structures, all give dominant Zn peaks in XRD 
patterns. When O2 content is increased from 5% to 25%, 
the intensities of Zn peaks decrease, indicating that the 
quantity of Zn in the films is reduced. Meanwhile, the 
full width at half maximum (FWHM) becomes larger, 
suggesting that the Zn grain size becomes smaller, which 
is consistent with the observation from SEM images. As 
the Zn peaks are weakened by increasing O2 content, the 
peaks related to ZnO become much clearer to see, 
especially at 25% O2. This means that the percentage of 
ZnO in the precursor films rises with O2 content. The 
XRD patterns of precursor film prepared with 5%, 15% 
and 25% O2 prove that the precursor films with porous 
feature have a Zn-ZnO composite structure. 
When further increasing O2 content from only 1% 
to 26%, the Zn peak totally disappears, leaving only the 
ZnO (002) peak detected. The film deposited with 30% 
O2 also gives a similar XRD pattern, and thus the dense 
film shown in Fig.19 should be a complete ZnO film. 
The fact that only ZnO (002) peak was detected, 
indicates that the ZnO film growth has a preferential 
direction, which can also be found from the ZnO film 
deposited by magnetron sputtering with a ZnO target. 
This result infers that with 26% or more O2 introduced to 
the sputtering process, all Zn atoms leaving the Zn target 
have been oxidized to form ZnO molecules before 
reaching the substrate so that the preferential grown 
dense ZnO film has formed. Therefore, to obtain porous 
films, it is important to have partially oxidized Zn film 
by controlling the O2 content in the working atmosphere. 
Figure 21 shows the surface morphologies of the 
resulting films after wet oxidization of precursor films at 
420 °C for 1 h. The Zn-ZnO composite film deposited 
with 5% O2 (Fig.19(a)) is oxidized to a relatively dense 
film (Fig.21(a)). The Zn particles seem to have expanded 
during the oxidation to close the gaps between them. 
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Fig.19 SEM images of Zn-ZnO composite precursor films produced by magnetron sputtering deposition with various O2 content:   
(a) 5% O2; (b) 15% O2; (c) 25% O2; (d) 30% O2 
 
 
 
Fig.20 XRD patterns of Zn-ZnO composite films prepared by 
magnetron sputtering with various O2 content 
 
 
Fig.21 Surface morphologies of Zn-ZnO composite films 
produced by magnetron sputtering with 5% O2 (a), 15% O2 (b), 
and 25% O2 (c), after wet oxidation at 420 °C for 1 h 
Rui-qun CHEN, et al/Progress in Natural Science: Materials International 21(2011) 81−96 94 
For the film deposited with 15% O2 (Fig.19(b)), the 
porosity remains at a similar level after wet oxidation 
(Fig.21(b)). The particle size is reduced after the 
oxidation. But it seems that during the oxidation the ZnO 
crystals grow out of the original Zn particles to form 
short wires connected to each other to form a network. 
The surface morphology of the precursor film 
deposited with 25% O2 does not change greatly after wet 
oxidation, nor does the porosity (Fig.21(c)). Generally, 
the porosity of the Zn-ZnO composite precursor film 
remains at a similar level after the wet oxidation. 
Therefore, the porosity of the ZnO film can be tuned by 
controlling the O2 content during the reactive sputtering 
process for precursor preparation. 
The Zn-ZnO precursor film prepared with 15% O2 
was also oxidized in dry O2 for the same duration and at 
the same temperature as the wet oxidation. However, the 
porosity was not preserved after the dry oxidation. Figure 
22 shows the surface morphology of the film after dry 
oxidation. It can be seen that many of the precursor 
particles aggregate together to form large clusters. Some 
gaps still exist between the clusters, but overall the film 
appears much denser than those from wet oxidation, 
implying that water vapour is essential for maintaining 
the porosity of the films during the oxidation process. 
It was also demonstrated that without introduction 
of O2, metallic Zn film would form and, with excess O2, 
close packed ZnO film would form. The porous 
precursor films can only be obtained when only a portion 
of Zn is oxidized during the sputtering deposition 
 
 
Fig.22 Surface morphologies of Zn-ZnO films prepared with 
15% O2 after oxidation in dry oxygen at 450 °C for 1 h: (a) 
High magnification; (b) Low magnification 
For normal sputtering deposition of ZnO, the initial 
ZnO particles that have reached the substrate would form 
the initial nucleation sites, and the later coming ZnO 
species would rest on these nucleation sites in the 
orientation to match the crystal lattice of the nucleation 
sites that follow the minimum energy principle. Finally, 
the close packed and dense films are deposited. However, 
when a portion of Zn atoms are oxidized, the resulting 
ZnO molecules would deposit on the substrate together 
with the un-oxidized Zn, forming Zn or ZnO crystal 
grains respectively as the initial nucleation sites. 
As these two types of materials are deposited at the 
same time, their crystal grains would mix together. 
Therefore, the crystal lattice of either Zn or ZnO would 
discontinue over a short period, and the later deposited 
species (Zn or ZnO) would not always rest on the 
lattice-matched and energy-favoured sites (e.g. ZnO 
species deposited on Zn crystals and vice versa). Thus, 
the continued deposition would be random without 
preferential orientation, resulting in the final porous 
structure. If the percentage of either Zn or ZnO is too 
high, the structure tends to be more ordered, so there is 
an optimum oxygen concentration of around 15% O2 that 
can produce ZnO films with the maximum porosity. 
In a brief summary, wet oxidation is better than dry 
oxidation for preserving and enhancing the porous 
structures. The presence of water vapour promoted the 
outward transportation of Zn-containing components[29], 
allowing Zn to diffuse out of the precursor particles and 
form the wired network structures shown in Fig.21(b). 
For dry oxidation, fast diffusion was not observed, so the 
precursor particles were mostly oxidized at their original 
places, and aggregated together with reduced pore size 
and porosity. 
 
5.2 PL study 
The room temperature photoluminescence (PL) test 
was carried out on the ZnO and porous films with a laser 
source of λ=325 nm. Figure 23 displays the room 
temperature PL spectra of a porous ZnO film produced 
by wet oxidation, as well as a dense ZnO film by 
magnetron sputtering. It is clear that the peak position of 
the porous ZnO PL spectrum is red shifted compared to 
the dense ZnO film (380 nm vs 377 nm), which is mainly 
caused by the large surface area. It is understood that the 
band gap energy of semiconductors is also affected by 
the surface condition of the material. The PL peak of the 
porous ZnO is also broader than the peak from the dense 
film, which is related to the crystal quality and surface 
effect. 
 
6 Conclusions 
 
It has been demonstrated that wet oxidation process 
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Fig.23 Room temperature PL spectra of porous (a) and dense (b) 
ZnO films at UV region 
 
is an effective technique to produce different types of 
ZnO nanostructures. The quality of nanowires produced 
by wet oxidation can be as good as those synthesized by 
other vapour deposition methods, providing a more 
economical way for ZnO nanowire production. The 
doping process in wet oxidation is flexible and effective, 
thus doping with a wide range of elements is possible in 
wet oxidation, and this can be further explored. ZnO 
porous film can also be produced by wet oxidation. This 
is a distinct way from other method to produce oxide 
porous films, exhibiting advantages compared to the 
solution based chemical methods. More work can be 
done on the wet oxidation process for ZnO nanostructure 
study or other oxide compounds. 
 
Acknowledgements 
The work is partially supported by the Synchrotron 
Seed Funding from New Zealand Synchrotron Group, 
Ltd, and the AOTULE exchange program from Tokyo 
Institute of Technology. The Authors would like to thank 
the research group members and staffs from Department 
of Chemical & Materials Engineering, University of 
Auckland for various support and assistance. We would 
also like to acknowledge the support from Dr. Ahmed 
Alyamani and National Center for Nanotechnology 
Research, King Abdulaziz City for Science and 
Technology, Saudi Arabia. 
 
References 
 
[1] VOGEL D, KRÜGER P, POLLMANN J. Ab initio 
electronic-structure calculations for II-VI semiconductors using 
self-interaction-corrected pseudopotentials [J]. Physical Review B, 
1995, 52(20): R14316. 
[2] LOOK D C. Recent advances in ZnO materials and devices [J]. 
Materials Science and Engineering B, 2001, 80(1−3): 383−387. 
[3] CHEN Y F, WANG R M, ZHANG H Z, et al. TEM investigations on 
ZnO nanobelts synthesized via a vapor phase growth [J]. Micron, 
2004; 35(6): 481-87. 
[4] HEO Y W, NORTON D P, TIEN L C, et al. ZnO nanowire growth 
and devices [J]. Materials Science and Engineering: R: Reports, 2004, 
47(1−2): 1−47. 
[5] LAW M, GREENE L E, JOHNSON J C, et al. Nanowire 
dye-sensitized solar cells [J]]. Nature Materials, 2005, 4: 5. 
[6] LIN C C, CHEN H P, CHEN S Y. Synthesis and optoelectronic 
properties of arrayed p-type ZnO nanorods grown on ZnO film/Si 
wafer in aqueous solutions [J]. Chemical Physics Letters, 2005, 
404(1−3): 30−34. 
[7] GREENE L E, YUHAS B D, LAW M, et al. Solution-grown zinc 
oxide nanowires [J]. Inorganic Chemistry, 2006, 45(19): 7535−7543. 
[8] SCHMIDT-MENDE L, MACMANUS-DRISCOLL J L. ZnO- 
nanostructures, defects, and devices [J]. Materials Today, 2007, 10(5): 
40−48. 
[9] RAYNAUD G M, RAPP R A. In situ observation of whiskers, 
pyramids and pits during the high-temperature oxidation of metals [J]. 
Oxidation of Metals, 1984, 21(1−2): 89−102. 
[10] WEI G, CANTOR B. The oxidation behaviour of amorphous alloy 
Fe40Ni40P14B6 [J]. Acta Metallurgica, 1988, 36(1): 167−180. 
[11] KOFSTAD P. High temperature corrosion [M]. London, New York: 
Elsevier Applied Science, 1988. 
[12] GAO W, LI Z. Wet oxidation: A promising way for fabrication of 
zinc oxide nanostructures [J]. Materials Science Forum, 2006: 
277−284. 
[13] CHEN S J, LIU Y C, MA J G, et al. High-quality ZnO thin films 
prepared by two-step thermal oxidation of the metallic Zn [J]. 
Journal of Crystal Growth, 2002, 240(3−4): 467−472. 
[14] WANG Y G, LAU S P, LEE H W, et al. Photoluminescence study of 
ZnO films prepared by thermal oxidation of Zn metallic films in air 
[J]. Journal of Applied Physics, 2003, 94(1): 354−358. 
[15] CHO S, MA J, KIM Y, et al. Photoluminescence and ultraviolet 
lasing of polycrystalline ZnO thin films prepared by the oxidation of 
the metallic Zn [J]. Applied Physics Letters, 1999, 75(18): 
2761−2763. 
[16] LI B S, LIU Y C, ZHI Z Z, et al. Optical properties and electrical 
characterization of p-type ZnO thin films prepared by thermally 
oxiding Zn3N2 thin films [J]. Journal of Materials Research, 2003, 
18(1): 8−13. 
[17] WANG C, JI Z, LIU K, et al. p-Type ZnO thin films prepared by 
oxidation of Zn3N2 thin films deposited by DC magnetron sputtering 
[J]. Journal of Crystal Growth, 2003, 259(3): 279−281. 
[18] ZOU C W, CHEN R Q, GAO W. The microstructures and the 
electrical and optical properties of ZnO:N films prepared by thermal 
oxidation of Zn3N2 precursor [J]. Solid State Communications, 2009, 
149(45−46): 2085−2089. 
[19] ZOU C W, YAN X D, HAN J, et al. Study of a nitrogen-doped ZnO 
film with synchrotron radiation [J]. Applied Physics Letters, 2009, 
94(17):171903. 
[20] DAI Y, ZHANG Y, LI Q K, et al. Synthesis and optical properties of 
tetrapod-like zinc oxide nanorods [J]. Chemical Physics Letters, 2002, 
358(1−2): 83−86. 
Rui-qun CHEN, et al/Progress in Natural Science: Materials International 21(2011) 81−96 96 
[21] FAN H J, SCHOLZ R, KOLB F M, et al. Two-dimensional dendritic 
ZnO nanowires from oxidation of Zn microcrystals [J]. Applied 
Physics Letters, 2004, 85(18): 4142−4144. 
[22] KIM T W, KAWAZOE T, YAMAZAKI S, et al. Low-temperature 
orientation-selective growth and ultraviolet emission of single-crystal 
ZnO nanowires [J]. Applied Physics Letters, 2004, 84(17): 
3358−3360. 
[23] SEKAR A, KIM S H, UMAR A, et al. Catalyst-free synthesis of ZnO 
nanowires on Si by oxidation of Zn powders [J]. Journal of Crystal 
Growth, 2005, 277(1−4): 471−478. 
[24] WEN X, FANG Y, PANG Q, et al. ZnO nanobelt arrays grown 
directly from and on zinc substrates: Synthesis, characterization, and 
applications [J]. The Journal of Physical Chemistry B, 2005, 109(32): 
15303−15308. 
[25] LU H B, LIAO L, LI H, et al. Well-aligned ZnO microprism arrays 
with umbrella-like tips: Low-temperature preparation, structure and 
UV photoluminescence improvement [J]. Physica E: 
Low-dimensional Systems and Nanostructures, 2008, 40(9): 
2931−2936. 
[26] YU W, PAN C. Low temperature thermal oxidation synthesis of ZnO 
nanoneedles and the growth mechanism [J]. Materials Chemistry and 
Physics, 2009, 115(1): 74−79. 
[27] CHEN R, ZOU C, YAN X, et al. Growth mechanism of ZnO 
nanostructures in wet-oxidation process [J]. Thin Solid Films, 2011, 
519(6): 1837−1844. 
[28] PERRY R H, GREEN D W. Perry's chemical enginneering's 
handbook [M]. 8th ed. New York: McGraw-Hill, 2008. 
[29] LI Z W, GAO W, REEVES R J. Zinc oxide films by thermal 
oxidation of zinc thin films [J]. Surface and Coatings Technology, 
2005, 198(S1−3): 319−323. 
[30] VISHNEVETSKY I, EPSTEIN M. Production of hydrogen from 
solar zinc in steam atmosphere [J]. International Journal of Hydrogen 
Energy, 2007, 32(14): 2791−2802. 
[31] PARK J H, PARK J G. Synthesis of ultrawide ZnO nanosheets [J]. 
Current Applied Physics, 2006, 6(6): 1020−1023. 
[32] ZONG F, MA H, MA J, et al. Structural properties and 
photoluminescence of zinc nitride nanowires [J]. Applied Physics 
Letters, 2005, 87(23): 233104−3. 
[33] SONG J M, LIN K L. Behavior of intermetallics in liquid Sn-Zn-Ag 
solder alloys [J]. Journal of Materials Research, 2003, 18(9): 
2060−2067. 
[34] PAPAPOLYMEROU G, BONTOZOGLOU V. Decomposition of 
NH3 on Pd and Ir comparison with Pt and Rh [J]. Journal of 
Molecular Catalysis A: Chemical, 1997, 120(1−3): 165−171. 
[35] ZHANG J, XU H, LI W. Kinetic study of NH3 decomposition over 
Ni nanoparticles: The role of La promoter, structure sensitivity and 
compensation effect [J]. Applied Catalysis A: General, 2005, 296(2): 
257−267. 
[36] MA X, ZACHARIAH M R. Oxidation anisotropy and size-dependent 
reaction kinetics of zinc nanocrystals [J]. The Journal of Physical 
Chemistry C, 2009, 113(33): 14644−14650. 
[37] GROSS T, LIPPITZ A, UNGER W E S, et al. Static charge 
correction in XPS on Cu-Zn-Al oxide catalyst precursors with the 
help of deposited Pd particles as a reference material [J]. Applied 
Surface Science, 1994, 78(4): 345−355. 
[38] JOHANSSON G, HEDMAN J, BERNDTSSON A, et al. Calibration 
of electron spectra [J]. Journal of Electron Spectroscopy and Related 
Phenomena, 1973, 2(3): 295−317. 
[39] KAUSHIK V K. XPS core level spectra and Auger parameters for 
some silver compounds [J]. Journal of Electron Spectroscopy and 
Related Phenomena, 1991, 56(3): 273−277. 
[40] FARRELL H H. Surface bonding effects in compound semiconductor 
nanoparticles: II [C]// 35th Conference on the Physics and Chemistry 
of Semiconductor Interfaces (PCSI). Santa Fe, New Mexico, USA: 
AVS, 2008. 
[41] BARNES T M, LEAF J, HAND S, et al. A comparison of 
plasma-activated N2/O2 and N2O/O2 mixtures for use in ZnO:N 
synthesis by chemical vapor deposition [J]. Journal of Applied 
Physics, 2004, 96(12): 7036−7044. 
[42] IMAMURA H, MIURA Y, FUJITA K, et al. Lanthanide (Eu or 
Yb)-promoted Ni, Cu and Ag-catalyzed transfer hydrogenation with 
NH3 as a hydrogen donor [J]. Journal of Molecular Catalysis A: 
Chemical, 1999, 140(1): 81−90. 
[43] SUN Q, SHEN B, FAN K, et al. Roles of surface and subsurface 
oxygen in the dehydrogenation of methanol on silver surface [J]. 
Chemical Physics Letters, 2000, 322(1−2): 1−8. 
[44] de VOOYS A C A, MROZEK M F, KOPER M T M, et al. The nature 
of chemisorbates formed from ammonia on gold and palladium 
electrodes as discerned from surface-enhanced Raman spectroscopy 
[J]. Electrochemistry Communications, 2001, 3(6): 293−298. 
[45] PERKINS C L, LEE S H, LI X, et al. Identification of nitrogen 
chemical states in N-doped ZnO via X-ray photoelectron 
spectroscopy [J]. Journal of Applied Physics, 2005, 97(3): 034907−7. 
[46] ZHANG Y, ZHANG Z, LIN B, et al. Effects of Ag doping on the 
photoluminescence of ZnO films grown on Si substrates [J]. Journal 
of Physical Chemistry B, 2005, 109(41): 19200−19203. 
[47] DUAN L, LIN B, ZHANG W, ZHONG S, FU Z. Enhancement of 
ultraviolet emissions from ZnO films by Ag doping [J]. Applied 
Physics Letters, 2006, 88(23): 232110. 
[48] D. C. Look B C. P-type doping and devices based on ZnO [J]. 
Physica Status Solidi (B), 2004, 241(3): 624−630. 
 
